MOLECULAR AND CELLULAR BIOLOGY, Oct. 2007, p. 7291-7301
0270-7306/07/$08.00+0 doi:10.1128/MCB.00773-07

Vol. 27, No. 20

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Analysis of Endogenous LRP6 Function Reveals a Novel Feedback
Mechanism by Which Wnt Negatively Regulates Its Receptor”

Zahid Khan, Sapna Vijayakumar, Teresa Villanueva de la Torre, Sabrina Rotolo, and Anna Bafico*

Department of Oncological Sciences, Mount Sinai School of Medicine, New York, New York 10029

Received 2 May 2007/Returned for modification 25 May 2007/Accepted 26 July 2007

The canonical Wnt pathway plays a crucial role in embryonic development, and its deregulation is involved
in human diseases. The LRP6 single-span transmembrane coreceptor is essential for transmission of canonical
Whnt signaling. However, due to the lack of immunological reagents, our understanding of LRP6 structure and
function has relied on studies involving its overexpression, and regulation of the endogenous receptor by the
Whnt ligand has remained unexplored. Using a highly sensitive and specific antibody to LRP6, we demonstrate
that the endogenous receptor is modified by N-glycosylation and is phosphorylated in response to Wnt
stimulation in a sustained yet ligand-dependent manner. Moreover, following triggering by Wnt, endogenous
LRP6 is internalized and recycled back to the cellular membrane within hours of the initial stimulus. Finally,
we have identified a novel feedback mechanism by which Wnt, acting through -catenin, negatively regulates
LRP6 at the mRNA level. Together, these findings contribute significantly to our understanding of LRP6
function and uncover a new level of regulation of Wnt signaling. In light of the direct role that the Wnt pathway
plays in human bone diseases and malignancies, our findings may support the development of novel thera-

peutic approaches that target Wnt signaling through LRP6.

The highly conserved canonical Wnt pathway plays a critical
role in cell fate determination and tissue development (7, 23).
Moreover, aberrant activation of Wnt signaling is causally in-
volved in human cancers (9, 28). Members of this family of
secreted glycoproteins interact with two coreceptors, the Friz-
zled seven-pass transmembrane receptor and the low-density
lipoprotein (LDL) receptor-related protein LRP5/6. Wnt-re-
ceptor interactions lead to inhibition of B-catenin phosphory-
lation by casein kinase 1-a (CKl-a) and glycogen synthase
kinase-f, which occurs within a protein complex containing
axin and the tumor suppressor adenomatous polyposis coli.
Inhibition of B-catenin phosphorylation impairs its degrada-
tion and results in accumulation of the uncomplexed cytosolic
molecule, which translocates to the nucleus and interacts with
TCF/LEF factors to activate transcription (9, 13, 24).

Frizzled receptors are known to mediate signaling through
both the Wnt—f-catenin “canonical” pathway and other, “non-
canonical” ones, such as the planar cell polarity and Wnt/Ca*"
pathways. In contrast, the LRP6 receptor and the family mem-
ber LRPS5 specifically function in the Wnt—-catenin pathway
(5,13, 17). In fact, inactivation of the LRP5/6 homologue arrow
in Drosophila melanogaster results in a phenotype similar to
that of the wingless mutant, and injection of LRP6 mRNA into
Xenopus laevis embryos enhances Wnt-induced developmental
defects (33, 35). Moreover, mice deficient for LRP6 exhibit
defects resembling those caused by the loss of various Wnt
proteins (27). There is evidence supporting a dual-receptor
model in which independent binding of Wnt to Frizzled and
LRP6 recruits these two proteins into a receptor complex that
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triggers signaling (14). Although the mechanism involved in
transmission of the Wnt signal to intracellular components is
not fully understood, it is known that following Wnt binding,
LRP5/6 is phosphorylated on a series of amino acid motifs
present on its cytoplasmic domain (34). LRP5/6 phosphoryla-
tion leads to the recruitment of the scaffolding protein axin to
the cell membrane (22). Recently, two studies identified gly-
cogen synthase kinase-B and CK1 as the kinases responsible
for LRP6 phosphorylation (11, 39).

LRP5/6 is a single-pass transmembrane protein containing a
large extracellular domain composed of four YWTD propeller
domains, with each followed by an epidermal growth factor
domain and three LDLR domains. Truncation mutants lacking
the extracellular domain are constitutively active, while dele-
tion of the intracellular region results in a dominant-negative
receptor (14). In addition to Wnt, LRP5/6 functions as the
receptor for the Dickkopf (Dkk) family of secreted antago-
nists, which function as specific inhibitors of canonical Wnt
signaling (3, 21, 32).

Ligand regulation of receptor trafficking between the cell
surface and the endosomal compartment is an important as-
pect of receptor function (26, 37). It has been reported that
Wnt5a induces the internalization of Fz4 through the binding
of Dvl to B-arrestin 2 and that this internalization requires
protein kinase C activation (8). Although recent evidence sug-
gests that Wnt3a induces internalization of LRP6 (38), the
mechanism by which the receptor is regulated by its ligand has
not yet been investigated.

Our understanding of LRP6 structure and function has re-
lied on studies involving its overexpression, while analysis of
the receptor under physiologic conditions has been lacking. In
the present study, using a new, highly sensitive anti-LRP6
monoclonal antibody (MAb), we demonstrate that endoge-
nous LRP6 is posttranslationally modified by glycosylation, is
present at the membrane in a dimeric form, and is phosphor-



7292 KHAN ET AL.

ylated in response to Wnt in a sustained but ligand-dependent
manner. Cell surface biotinylation analysis revealed that Wnt
induces LRP6 internalization followed by its recycling to the
cellular membrane. Importantly, our analysis uncovered a
novel feedback regulation of LRP6 by which Wnt, through the
downstream effector B-catenin, inhibits its receptor at the tran-
scriptional level.

MATERIALS AND METHODS

Cell culture and gene transduction. NIH 3T3 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% calf serum. 293T
cells and the human tumor cell lines MDAMB157 (breast), DU145 (prostate),
HCT116 (colon), PA-1 (ovarian), and HeLa (cervical) were maintained in
DMEM supplemented with 10% fetal bovine serum. The immortalized mam-
mary epithelial cell line AB589 was cultured in the same medium in the presence
of dexamethasone (Sigma) at 1 wM. Control and Wnt3a-conditioned media were
collected from L cells and L cells/Wnt3a (ATCC) according to the manufactur-
er’s instructions. Alternatively, recombinant purified Wnt3a (R&D Systems) was
utilized at 100 ng/ml unless otherwise indicated. DKK1-conditioned medium was
produced following transient transfection of 293T cells as previously described
3).

For viral infection, 5 X 10° NIH 3T3, NIH 3T3/Wnt3a, or AB589 cells in
60-mm plates were seeded in growth medium with 2 pug/ml Polybrene. Twenty-
four hours later, cells were infected with viral supernatants produced as previ-
ously described (2). Cells were selected for 2 weeks with Geneticin (750 pg/ml),
puromycin (2 pg/ml), or hygromycin (100 pg/ml). pCMV-LRP5-Flag and
pCMV-LRP6-Flag cDNAs were transfected using Fugene (Roche) according to
the manufacturer’s instructions.

Western blot, immunoprecipitation, and glutathione S-transferase (GST)-E-
cadherin binding assays. For Western blotting and immunoprecipitation as-
says, cells were solubilized in lysis buffer (10 mM sodium phosphate, 0.15 M
NaCl, 1% NP-40, and a cocktail of phosphatase and protease inhibitors). For
immunoprecipitation, cell lysates were incubated with a specific antibody
(anti-axin 1, 5 pg/ml; and anti-LRP6, 5 pg/ml) and then with protein G beads
(Pharmacia). After sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transfer, membranes were blocked in 5% bovine serum
albumin and incubated with the following primary antibodies at the indicated
dilutions: anti-Flag, 1:1,000 (Sigma); anti-LRP5, 1:1,000 (Orbigen); anti-
tubulin, 1:10,000 (Sigma); anti-actin, 1:30,000 (Sigma); anti-axin, 1:1,000
(Zymed); anti-N-cadherin, 1:500 (Sigma); antihemagglutinin (anti-HA)
MAD, 1:1,000 (Hybridoma Center, Mount Sinai School of Medicine, NY);
anti-phospho-LRP6 (Ser1490), 1:1,000 (Cell Signaling); anti-p53, 1:1,500
(Novo Castra); anti-platelet-derived growth factor receptor (anti-PDGFR),
1:2,000 (Santa Cruz); anti-TCF4, 1:1,000 (Upstate); and the MAb to LRP6,
1:1,000 (generated in collaboration with the Hybridoma Center, Mount Sinai
School of Medicine, NY). Detection was performed by enhanced chemilumi-
nescence (ECL) or, alternatively, with an Odyssey infrared imaging system
(LI-COR). For phosphatase treatment, 293T cells were detached from the
plates with phosphate-buffered saline (PBS)-EDTA (5 mM), divided into two
aliquots, and lysed in either the presence or absence of phosphatase inhibi-
tors. The latter aliquot was then subjected to A-phosphatase (New England
BioLabs) treatment for 1 h at 37°C and then incubated at 65°C for 1 h.
Treated and untreated lysates were analyzed by Western blotting. A glycosi-
dase reaction was carried out by incubating denatured cell lysates with pep-
tide N-glycosidase F (PNGase F) (NEB) according to the manufacturer’s
instructions.

The GST-E-cadherin binding assay has been described previously (1). Bacte-
rially expressed GST-E-cadherin was purified with glutathione-Sepharose beads
(Amersham) and incubated with total cell lysates (0.5 to 1.0 mg). Following bead
recovery and SDS-PAGE, uncomplexed B-catenin was detected with a MAb to
B-catenin (BD Biosciences).

Membrane biotinylation and chemical cross-linking. Cells washed with
PBS (Invitrogen) were incubated at 4°C, first with sulfo-NHS-LC-biotin
(Pierce) for 30 min and then with 20 mM Tris-HCI (pH 7.5) for 20 min, to
quench the reaction. After being washed in PBS, cells were solubilized in lysis
buffer and incubated with immobilized avidin beads (Pierce) for 1 h. Beads
washed three times in lysis buffer were subjected to SDS-PAGE and immu-
noblotting.

For cross-linking assays, cells washed twice with PBS to remove the culture
medium were incubated with 2 mM thiol-cleavable DTSSP (3,3’-dithiobis[sulfo-
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succinimidylpropionate]) (Pierce) or noncleavable BS3 (Pierce) for 30 min at
room temperature. The cross-linker was quenched with 20 mM Tris-HCI, pH 7.5,
for 15 min. Cell lysates were immunoprecipitated with anti-LRP6 MAb and
protein G-Sepharose (GE Healthcare). Immunoprecipitates and total lysates
were resolved by SDS-PAGE and analyzed with the LRP6 MAb.

RNA interference. The previously described 19-nucleotide target sequence for
LRP6 (2) was cloned into a lentiviral vector containing a puromycin-selectable
marker (unpublished data). The lentiviral vector was cotransfected with envelope
and packaging vectors in 293T cells, utilizing Fugene (Roche) according to the
manufacturer’s instructions. Lentivirus supernatant was collected at 48 and 72 h.
For infection, 5 X 10° 293T cells were infected and selected with puromycin (2
wg/ml) for 2 weeks.

Metabolic labeling. Cells were grown in phosphate-free DMEM (Invitrogen)
supplemented with 10% dialyzed fetal bovine serum for 18 to 24 h. Phosphate-
depleted cells were metabolically labeled with 0.35 mCi [*?PJorthophosphate
(Amersham Biosciences) for 3 h. For experiments with recombinant purified
Wnt3a, cells were preincubated with [*?Plorthophosphate for 1 h and further
labeled for an additional 2 h in the presence of Wnt3a. Lysates were subjected to
immunoprecipitation with the anti-LRP6 MADb, followed by SDS-PAGE, trans-
fer to an Immobilon polyvinylidene difluoride membrane (Millipore), and auto-
radiography. The same membrane was probed with the LRP6 MAb and analyzed
by ECL.

Real-time PCR. Total RNAs were extracted from cell lines by using TRIzol
(Invitrogen) following the manufacturer’s protocol. First-strand cDNA synthe-
sized using random hexamers (Invitrogen) was used for real-time PCR (DNA
Engine Opticon 2; Bio-Rad). Each PCR, done in triplicate, consisted of 10-fold-
diluted first-strand cDNA as the template, FastStart SYBR green master mix
(Roche Applied Science), and 500 nM of either LRP6 or TATA box binding
protein primers. The PCR conditions used were 95°C for 15 min, followed by 40
cycles of 94°C for 10 seconds, 61°C for 20 seconds, and 72°C for 30 seconds.
Melting curve analysis was conducted to ensure the specificity of the reactions, as
recommended by the manufacturer’s protocol (DNA Engine Opticon 2; Bio-
Rad). The results were analyzed using Opticon2 software (Bio-Rad). The fol-
lowing primers were utilized: for mouse LRP6, 5'-AGGGTGGAATGAGTGT
GCCT-3' (forward) and 5'-TGATGGCGCTCTTCTGACTGA-3’ (reverse); and
for mouse TATA box binding protein, 5'-ACATCTCAGCAACCCACACA-3’
(forward) and 5'-CAGCCAAGATTCACGGTAGA-3' (reverse).

Northern blotting. Total RNA was isolated using TRIzol (Invitrogen) accord-
ing to the manufacturer’s instructions. Twenty micrograms of total RNA was
subjected to electrophoresis (1% agarose in morpholinepropanesulfonic acid
[MOPS]-formaldehyde). RNAs were transferred to a nylon membrane (Amer-
sham Biosciences), and prehybridization was carried out for 2 h at 68°C in
ExpressHyb hybridization solution (BD Biosciences). Hybridization was per-
formed overnight under the same conditions, but with a radiolabeled probe.
Membranes were washed twice in 2X SSC (1X SSCis 0.15 M NaCl plus 0.015 M
sodium citrate)-0.05% SDS at room temperature and twice in 0.1X SSC-0.1%
SDS at 50°C for 15 min. After being washed, the membranes were exposed to
X-ray film at —80°C.

siRNA targeting of clathrin. Small interfering RNA (siRNA) oligonucleotides
directed against human clathrin, as previously described (6), were custom or-
dered from Invitrogen (sense, 5'-GCAAUGAGCUGUUUGAAGATT-3'; and
antisense, 5-UCUUCAAACAGCUCAUUGCTT-3"). The oligonucleotides
were resuspended in RNase-free water and annealed in a buffer containing 20
mM potassium acetate, 6 mM HEPES, pH 7.4, and 400 nM magnesium acetate.
HelLa cells were transfected with the annealed oligonucleotides (10 nM), using
siPORT NeoFX agent (Ambion) following the manufacturer’s instructions. Af-
ter 48 h, the efficiency of knockdown was monitored by Western blotting using an
anti-clathrin antibody (BD Biosciences).

RESULTS

Characterization of a highly specific MAb against LRP6.
The lack of sensitive antibodies to LRP6 has so far limited
characterization of this receptor to studies involving its over-
expression in model cells. Thus, we generated a series of MAbs
against the LRP6 cytoplasmic domain. Expression vectors con-
taining Flag-tagged human LRP6 and LRP5 cDNAs were tran-
siently transfected into 293T cells, and the different antisera
were tested by immunoblotting in comparison with a commer-
cial anti-Flag antibody. Analysis with anti-Flag antibody re-
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FIG. 1. Characterization of a MAD highly specific to LRP6. (A) Detection of human LRP5 and LRP6 following transfection into 293T cells.
Cells were transfected with the indicated plasmids (1 pg), and at 48 h, cell lysates were subjected to immunoblot analysis with either anti-Flag
(Sigma), anti-LRP5 antiserum (Orbigen), or the anti-LRP6 MAb (clone 1C10). (B) Immunoprecipitation of human LRP6 or LRP5 overexpressed
in 293T cells. Forty-eight hours following transfection, lysates were subjected to SDS-PAGE directly (100 wg) or after immunoprecipitation (700
wg) with the anti-LRP6 MAb. Immunoblotting was performed with either anti-LRP5 or anti-LRP6. (C) Effects of stable expression of an siRNA
against LRP6 in 293T cells. Cultures were infected with a lentiviral vector containing the target sequence for LRP6 or a control vector in the
presence of Polybrene (2 pwg/ml) and marker selected with puromycin (2 pwg/ml). Cell lysates were subjected to SDS-PAGE and immunoblotting
with the anti-LRP6 MADb or with anti-tubulin as a loading control. (D) Comparison of endogenous and exogenous LRP6 expression levels and
signaling activities. 293T cells were transfected with pCMV empty vector or pPCMV-LRP6 plasmid (1 pg) in 100-mm plates. Total cell lysates (100
g for the control and 10 g for the LRP6-expressing cells) were subjected to SDS-PAGE and immunoblotting with anti-LRP6 (left). Analysis of
uncomplexed B-catenin in the absence or presence of purified Wnt3a was performed by the GST-E-cadherin binding assay, utilizing 1 mg of lysates,

as previously described (1) (middle and right).

vealed that both receptors were readily detectable and exhib-
ited comparable levels of expression. As shown in Fig. 1A and
B, one of the anti-LRP6 MAbs generated, clone 1C10, dem-
onstrated high sensitivity in both Western blotting and immu-
noprecipitation assays and was specific to LRP6, as indicated
by its lack of cross-reactivity with LRP5 under similar condi-
tions. When the membranes were exposed for longer times,
two major immunologic species, of approximately 200 to 220
kDa, were detected in untransfected 293T cells (data not
shown).

To assess whether the signal observed was indeed endoge-
nous LRP6, a short hairpin RNA (shRNA) lentiviral vector
specific for LRP6 and containing a puromycin-selectable
marker was generated for infection of 293T cells. The results
showed that expression of the shRNA against LRP6 decreased
the intensity of the two bands observed, confirming the speci-
ficity and high sensitivity of the generated MAb (Fig. 1C).
Comparison of LRP6 levels normally present in 293T cells with
those resulting from transient transfection of the receptor
c¢DNA showed that endogenous LRP6 expression was 50- to
100-fold lower than that observed under conditions of overex-
pression (Fig. 1D). The results suggest that the receptor’s nor-
mal function is exerted at expression levels considerably lower
than those resulting from DNA transfection. In fact, analysis of
uncomplexed B-catenin levels in these cells revealed that over-
expressed LRP6 causes constitutive activation of the pathway
in the absence of Wnt and enhanced sensitivity to a low con-
centration of the ligand. Thus, these findings strongly support
the need for analysis of LRP6 function at physiological levels.

LRP6 is posttranslationally modified and is present at the
cell surface in a dimeric form. Analysis of endogenous LRP6
in a series of normal and tumor cell lines revealed that the
receptor is detectable as two distinct species similar to those

observed in 293T cells (Fig. 2A). To analyze endogenous LRP6
posttranslational modifications, we exposed 293T cells to tuni-
camycin, a known inhibitor of N-glycosylation (40). Following
exposure to increasing concentrations of tunicamycin, both
LRP6 forms were progressively reduced to a single low-molec-
ular-weight band. Similar results were obtained with COS-7
cells (Fig. 2B). To further assess LRP6 glycosylation, we sub-
jected lysates from 293T cells to treatment with an N-glycosi-
dase, PNGase F, which cleaves oligosaccharides from N-linked
glycoproteins. The results indicated that following treatment
with this enzyme, LRP6 mobility was altered, confirming re-
ceptor glycosylation (Fig. 2C). Cell surface biotinylation of
NIH 3T3 cells followed by immunoprecipitation with strepta-
vidin beads indicated that the higher-molecular-weight LRP6
species was predominant at the cell membrane and thus rep-
resents the signaling form of the receptor (Fig. 2D). To deter-
mine whether LRP6 modification by glycosylation is necessary
for its localization at the cell membrane, we performed cell
surface biotinylation analysis following treatment with increas-
ing concentrations of tunicamycin. The progressive reduction
of LRP6 to lower-molecular-weight forms in the total lysates
resulted in a corresponding decrease in the receptor levels at
the cell membrane, establishing that glycosylation is necessary
for the cell surface localization of this receptor (Fig. 2E).
We have previously shown that LRP6 overexpressed in 293T
cells forms non-disulfide-linked dimers (20). In order to ana-
lyze the molecular structure of the endogenous receptor, we
performed chemical cross-linking using either a thiol-cleavable
(DTSSP) or noncleavable (BS3) membrane-impermeative
cross-linker. SDS-PAGE under nonreducing conditions of ly-
sates from cells treated with BS3 or DTSSP revealed a dra-
matic decrease in the level of the cell surface-localized LRP6
form (Fig. 2F, left panel). These effects were reversed in the
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FIG. 2. Endogenous LRP6 is posttranslationally modified and is present at the cell surface in a multimolecular form. (A) Analysis of
endogenous LRP6 protein in normal and tumor cell lines. Total cell lysates (100 pg) from NIH 3T3 (lane 1), AB589 (lane 2), MDAMBI157 (lane
3), DU145 (lane 4), HCT116 (lane 5), and PA-1 (lane 6) cells were analyzed by immunoblotting with the anti-LRP6 MADb or the anti-tubulin
antiserum as a loading control. (B) Effects of tunicamycin treatment on endogenous LRP6. 293T or COS7 cells were treated overnight with either
dimethyl sulfoxide (DMSO) or the indicated amounts of tunicamycin (Sigma), and cell lysates were analyzed by immunoblotting with the LRP6
MAD. The same membranes were blotted with anti-tubulin as a loading control. (C) Effects of N-glycosidase treatment on LRP6 mobility. Cell
lysates (70 pg) from 293T cells were denatured, treated for 2 h with PNGase F at 37°C, and analyzed by SDS-PAGE and immunoblotting with
the anti-LRP6 antibody. (D) Cell surface biotinylation of NIH 3T3 cells. Cells were treated for 30 min with sulfo-NHS-LC-biotin (Pierce), and
lysates were analyzed with the anti-LRP6 MAD directly or after immunoprecipitation with streptavidin beads. (E) Effects of tunicamycin treatment
on the cell surface localization of LRP6. 293T cells were exposed to either a DMSO control or tunicamycin (0.25 to 1.0 wg/ml) overnight and then
subjected to cell surface biotinylation. Lysates were analyzed with the anti-LRP6 MAD directly or after immunoprecipitation with streptavidin
beads. (F and G) Analysis of LRP6 following treatment with cleavable and uncleavable cross-linkers. (F) 293T cells were incubated with BS3 or
DTSSP in PBS for 20 min. Cell lysates were subjected to SDS-PAGE in the absence (left) or presence (right) of B-mercaptoethanol and subjected
to immunoblotting with anti-LRP6. (G) Lysates of 293T cells treated with BS3 as described for panel F were analyzed for LRP6 levels directly or

after immunoprecipitation with anti-LRP6. The bottom panel represents a shorter exposure. The asterisk indicates the beginning of the gel.

case of DTSSP-treated cell lysates when analysis was per-
formed in the presence of the reducing agent B-mercaptoeth-
anol (Fig. 2F, right panel). Although the signal corresponding
to cell surface LRP6 was reduced to almost undetectable lev-
els, no additional higher-molecular-weight bands were detect-
able by direct analysis of the lysates. Thus, in order to enrich
for LRP6 complexes following BS3 treatment, cell lysates were
subjected to immunoprecipitation with anti-LRP6 antibody
prior to immunoblotting with the same antiserum. Analysis
under these conditions revealed the presence of a slowly mi-
grating species whose size is consistent with an LRP6 dimer
(Fig. 2G). These results suggest that endogenous LRP6 exists
at the cell membrane in a dimeric form.

Analysis of endogenous LRP6 phosphorylation under con-
ditions of acute or chronic Wnt stimulation. There is evidence
that upon Wnt stimulation, LRP6 is activated by phosphory-
lation at a series of sites present in its cytoplasmic domain (11,
34, 39). Analysis of endogenous LRP6 following treatment
with purified Wnt3a in NIH 3T3 cells showed a decrease in the
higher-molecular-weight species localized at the cell surface

and the appearance of a slowly migrating form (Fig. 3A).
Stimulation with purified Wnt5a under similar conditions had
no effect, consistent with the reported inability of this ligand to
induce canonical signaling in these cells (19) (Fig. 3A). Treat-
ment of the Wnt3a-stimulated cell lysates with A-phosphatase
reverted the observed shift, confirming membrane-bound
LRP6 phosphorylation (Fig. 3B). Moreover, preincubation of
the cells with the soluble antagonist DKK1 completely blocked
Wnht-induced LRP6 phosphorylation (Fig. 3C).

The ability to analyze endogenous LRP6 provided the op-
portunity to investigate the kinetics of its phosphorylation fol-
lowing Wnt stimulation. The results showed that receptor
phosphorylation is detectable within 15 min of Wnt addition
and is maintained for up to 6 h (Fig. 3D, top panel). The
kinetics of uncomplexed B-catenin accumulation was also an-
alyzed under similar conditions (Fig. 3D, bottom panel). A
time course analysis of LRP6 phosphorylation levels following
Wnt stimulation was also performed, utilizing the anti-phos-
pho-LRP6 Ser1490 antibody, and the results were consistent
with those obtained with the anti-LRP6 antiserum (Fig. 3E)
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FIG. 3. Analysis of endogenous LRP6 phosphorylation under conditions of acute or chronic Wnt stimulation. (A) Wnt3a, but not Wnt5a,
induces endogenous LRP6 mobility shift. Purified recombinant Wnt3a or Wnt5a (R&D Systems) at 100 ng/ml was added to NIH 3T3 cells for 1 h,
and cell lysates were analyzed by SDS-PAGE followed by immunoblotting with the anti-LRP6 antibody. (B) Effects of phosphatase treatment on
Whnt3a-induced LRP6 mobility shift. Following stimulation with Wnt3a as described for panel A, 293T cells were divided into two aliquots and lysed
in either the presence or absence of phosphatase inhibitors. The latter was then subjected to A-phosphatase treatment, and both lysates were
analyzed by SDS-PAGE and immunoblotted with anti-LRP6 as described above. (C) Effects of DKK treatment on Wnt3a-induced LRP6
phosphorylation. 293T cells were incubated for 3 h with either control or DKK1-conditioned medium and then stimulated with Wnt3a as described
for panel A. Lysates were analyzed with the anti-LRP6 MAb as described above. (D) Time course of LRP6 phosphorylation following Wnt
stimulation. 293T cells were stimulated with purified Wnt3a for the indicated amounts of time, and cell lysates were analyzed by SDS-PAGE
followed by immunoblotting with either the anti-LRP6 or anti-tubulin antibody (top and middle). Levels of uncomplexed B-catenin were measured
by the GST-E-cadherin binding assay, as previously described (1), utilizing 500 pg of lysates (bottom). (E) Time course analysis of LRP6
phosphorylation in response to Wnt3a, utilizing a phospho-LRP6 antibody. 293T cells were treated with Wnt3a for the indicated amounts of time,
and cell lysates (100 pg) were analyzed by SDS-PAGE followed by immunoblotting with the phospho-LRP6 (Ser1490) antibody or anti-actin as
a loading control. (F) Analysis of LRP6 phosphorylation following removal of Wnt3a. After treatment of 293T cells with purified Wnt3a for 1 h,
cells were washed and incubated with fresh growth medium. Cell lysates were collected at the indicated times following Wnt removal and analyzed
as described for panel A. (G) Metabolic labeling of LRP6 in NIH 3T3 cells. Parental cells exposed to soluble recombinant Wnt3a for 2 h (left),
NIH 3T3/vector cells, or NIH 3T3/Wnt3a-HA cells (right panels) were incubated with *?PO, as described in Materials and Methods and then
immunoprecipitated with the LRP6 MADb. Following SDS-PAGE, samples were transferred and analyzed by autoradiography (top) or by
immunoblotting with anti-LRP6 (middle). Cell lysates were also analyzed by Western blotting with anti-LRP6 (bottom). Uncomplexed B-catenin
(700 pg) and Wnt3a (100 pg) levels were also measured in the same cell lysates, utilizing the anti-B-catenin and anti-HA antibodies, respectively
(right). (H) Analysis of LRP6 phosphorylation by utilizing a phospho-LRP6 antibody. NIH 3T3 parental cells treated with recombinant Wnt3a,
NIH 3T3/vector cells, or NIH 3T3/Wnt3a-HA cells were subjected to immunoprecipitation with the anti-LRP6 antibody and analyzed with either
anti-LRP6 or anti-phospho-LRP6 (Ser1490). Total cell lysates were also analyzed directly with the same antibodies.
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and with recent findings (35a). These findings raised the ques-
tion of whether this phosphorylation, observed after several
hours, was due to continuous ligand stimulation or maintained
independent of the presence of Wnt3a. In order to distinguish
between these two possibilities, cells were exposed to recom-
binant Wnt3a for 1 h and LRP6 was analyzed at several time
points after removal of Wnt from the culture medium. As
shown in Fig. 3F, LRP6 phosphorylation was unaffected 30 min
following ligand withdrawal, attenuated at 1 h, and further
reduced to almost undetectable levels at 3 h, suggesting that
receptor activation is sustained but depends on the continuous
presence of Wnt.

In order to more directly investigate endogenous LRP6
phosphorylation, we performed metabolic labeling of NIH 3T3
cells with [*?PJorthophosphate followed by immunoprecipita-
tion analysis with the anti-LRP6 antibody. As indicated in Fig.
3G (top left panel), a signal corresponding to phospho-LRP6
was detectable in the untreated cells, suggesting that the re-

ceptor can be phosphorylated in a Wnt-independent manner.
The addition of purified Wnt3a increased the signal for phos-
pho-LRP6 3.5-fold, as determined by densitometry after nor-
malization to total receptor levels detected by ECL analysis
(Fig. 3G, top left panel). We next analyzed LRP6 phosphory-
lation under conditions of chronic ligand stimulation. For this
purpose, we utilized NIH 3T3 cells in which constitutive auto-
crine Wnt signaling was established by retroviral infection with
a Wnt3a-HA vector (Fig. 3G, right panel). Metabolic labeling
of NIH 3T3 cells stably expressing Wnt3a resulted in an in-
crease in LRP6 phosphorylation similar to that observed under
conditions of acute ligand stimulation (Fig. 3G, middle pan-
els). To further analyze LRP6 phosphorylation under acute or
chronic conditions, NIH 3T3 cells either treated with recom-
binant Wnt3a or stably expressing this ligand were analyzed
with the anti-phospho-LRP6 Ser1490 antibody directly or fol-
lowing immunoprecipitation with the anti-LRP6 antiserum
(Fig. 3H). The results observed with this anti-phospho-LRP6
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FIG. 4. Wnt-induced interaction of endogenous LRP6 and axin.
293T cells were treated with either control or Wnt3a-conditioned me-
dium for the indicated amounts of time. Cell lysates were analyzed
with an anti-axin antibody (Zymed) or the anti-LRP6 MAD either
directly (100 pg) or following immunoprecipitation (1 mg) with anti-
axin.

antibody were consistent with those obtained following in vivo
metabolic labeling. All of these findings establish that chronic
Wnt stimulation by either prolonged treatment with soluble
ligand or autocrine signaling results in sustained receptor
phosphorylation.

Wnt induces a rapid interaction between endogenous LRP6
and axin. Biochemical studies support a model by which Wnt-
induced phosphorylation of LRP6 results in recruitment of
axin to the cell membrane. Evidence for LRP6-axin interaction
has been provided by studies involving their cotransfection in
model cells (20, 22). Thus, in order to analyze the interaction
between endogenous axin and LRP6 as well as to elucidate its
kinetics in response to Wnt stimulation, 293T cells were ex-
posed to Wnt3a-conditioned medium for increasing amounts
of time. Immunoprecipitates obtained with the anti-axin anti-
body were analyzed with the same antiserum or the anti-LRP6
MADb. As shown in Fig. 4, while little or no interaction was
observed in cells treated with control conditioned medium,
LRP6 was detectable in complex with axin following Wnt stim-
ulation. The results show that the interaction was detectable by
15 min, maximal at 30 min, and maintained for up to 1 h,
providing evidence for recruitment of axin by LRP6 under
physiological conditions.

Wnt induces LRP6 endocytosis and recycling to the cell
surface. The lack of sensitive antibodies has so far hampered
the analysis of endogenous LRP6 trafficking between the cell
surface and the endosomal compartment in response to Wnt
stimulation. Thus, we performed cell surface biotinylation of
NIH 3T3 cells treated with purified Wnt3a for increasing
amounts of time. Figure SA shows that cell surface LRP6 levels
decreased as early as 10 min following Wnt addition and were
progressively reduced at 30 min and 1 h. Notably, following
Wnt3a treatment for 3 h, cell surface LRP6 was restored to
levels comparable to those observed in unstimulated cells (Fig.
5A, top panel). In an independent experiment, both cell sur-
face and total LRP6 levels were compared for the same lysates,
and the latter was found to be minimally or not affected by Wnt
treatment for 1 or 3 h (Fig. 5A, bottom panel). These findings
suggest that following Wnt stimulation, endogenous LRP6 is
internalized and recycled back to the cell surface. Similar re-
sults were obtained in the presence of the protein synthesis
inhibitor cycloheximide, indicating that the increase in cell
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surface LRP6 levels observed 3 h following Wnt stimulation
could not be due to newly synthesized receptor (data not
shown). In order to confirm LRP6 internalization, we per-
formed Wnt stimulation followed by cell surface biotinylation
at 4°C, conditions under which endocytosis is blocked. As in-
dicated in Fig. 5B, no detectable changes in cell membrane-
localized LRP6 levels were induced by Wnt treatment under
these conditions. Analogous results came from analysis of Wnt
effects on LRP6 at 37°C or 4°C in 293T cells (Fig. 5C). To
determine whether the receptor could be internalized again
following its recycling to the cell surface, we treated NIH 3T3
cells with Wnt3a for 1 and 3 h and then added fresh Wnt3a for
1 h. As shown in Fig. 5D, following internalization (1 h) and
recycling (3 h), the levels of cell surface LRP6 were decreased
again after treatment with fresh ligand for 1 hour, indicating
that after being recycled, the receptor can undergo another
round of internalization.

Internalization of cell surface receptors is mediated by either
the clathrin-dependent pathway or the lipid raft-caveolin one
(18). To gain insights into the route of LRP6 endocytosis, we
analyzed the effects of nystatin and monodansylcadaverin
(MDC), known inhibitors of the caveolin- and clathrin-depen-
dent pathways, respectively (6, 12). As indicated in Fig. SE,
pretreatment of cells with either of these inhibitors prior to
Wnt addition resulted in reduced LRP6 internalization. In
contrast, neither nystatin nor MDC had any detectable effect
on cell surface receptor levels in the absence of Wnt. The
reduction of LRP6 internalization following transfection with
an siRNA against clathrin further supports the involvement of
this pathway (Fig. S5F). Together, these findings strongly sug-
gest that in response to Wnt, LRP6 is internalized by a mech-
anism involving the caveolin- and clathrin-mediated pathways
and is recycled to the cell surface.

Whnt signaling negatively regulates LRP6 expression at the
transcriptional level. Having analyzed the effects of acute Wnt
stimulation on LRP6, we next sought to investigate the recep-
tor under conditions of chronic Wnt signaling. Cell surface
biotinylation analysis of NIH 3T3 cells stably infected with
Wnt3a-HA or control virus (Fig. 3G, right panel) indicated
that constitutive Wnt3a expression resulted in a dramatic re-
duction in the levels of LRP6 localized at the cell membrane
(Fig. 6A). Notably, analysis of cell lysates revealed that total
LRP6 levels in NIH 3T3/Wnt3a cells were reduced as well (Fig.
6A). A similar decrease in receptor levels was noted during our
studies of the kinetics of LRP6 phosphorylation when stimu-
lation with soluble Wnt3a was carried out for three or more
hours (Fig. 3D). These findings suggested that while acute Wnt
stimulation induced receptor internalization and recycling,
prolonged treatment with soluble ligand or chronic stimulation
resulting from autocrine signaling decreased LRP6 steady-
state levels.

In order to determine the mechanism responsible for the
observed Wnt-induced decrease in LRP6 levels, we investi-
gated the possibility that Wnt3a stimulation may increase its
receptor’s degradation. Thus, we treated NIH 3T3 control cells
or NIH 3T3 cells expressing Wnt3a with the proteasomal in-
hibitor MG132 for increasing amounts of time and analyzed
LRP6 protein levels. The results indicated that the receptor
levels were not affected by inhibition of the proteasomal deg-
radation pathway (Fig. 6B). As an internal control, the levels of
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FIG. 5. Effects of acute Wnt stimulation on LRP6 cell surface localization. (A) Analysis of LRP6 cell surface localization following Wnt
stimulation at 37°C. NIH 3T3 cells were incubated with purified Wnt3a (100 ng/ml) at 37°C for the indicated amounts of time and then subjected
to biotinylation as described in the legend to Fig. 2D. Lysates (700 pg) were immunoprecipitated with streptavidin beads and analyzed by
SDS-PAGE followed by immunoblotting with anti-LRP6 MAb. As a control for biotinylation efficiency, the membranes were immunoblotted with
an anti-N-cadherin antibody (top) or stained with Coomassie blue (bottom). One hundred micrograms of cell lysates were also analyzed with
anti-LRP6 for total receptor levels. (B) Analysis of cell surface LRP6 following Wnt stimulation at 4°C. NIH 3T3 cells were incubated with purified
Whnt3a at 4°C and then analyzed as described for panel A. (C) Analysis of cell surface LRP6 levels in 293T cells following Wnt stimulation. Cultures
were incubated with Wnt3a for the indicated amounts of time at either 37°C or 4°C and then analyzed as described for panel A. (D) Analysis of
LRP6 internalization following its recycling to the cell surface. NIH 3T3 cells were treated with recombinant Wnt3a for 1, 3, or 3+1 h (cells were
treated with Wnt3a for 3 h and then fresh Wnt3a was added for 1 h) and then subjected to cell surface biotinylation as described above. (E) Effects
of inhibition of caveolin- or clathrin-dependent endocytosis on LRP6 internalization. Cells were pretreated with either a carrier control, nystatin
(10 pg/ml), or MDC (30 wM) for 20 min and then treated with purified Wnt3a for 1 h in the presence of the inhibitor. Cells were subjected to
biotinylation as described above, and cell surface (top) and total LRP6 (bottom) levels were detected with anti-LRP6. As a control for biotinylation
efficiency, the membrane was stained with Coomassie blue (middle). (F) siRNA-mediated down-regulation of clathrin reduces Wnt3a-induced
LRP6 internalization. HeLa cells were transfected with siRNA oligonucleotides (10 nM) directed against the clathrin heavy chain, using siPORT
NeoFX transfection agent. After 48 h, cells were stimulated with purified Wnt3a (200 ng/ml) at 37°C for 1 h and then subjected to biotinylation
as described in the legend to Fig. 2D. Lysates (1.0 mg) were immunoprecipitated with streptavidin beads, followed by SDS-PAGE and
immunoblotting with anti-LRP6 MADb. As a control for biotinylation efficiency, the membranes were stained with Coomassie blue. Total cell lysates
(40 pg) were also analyzed by immunoblotting to assess clathrin-heavy-chain knockdown by siRNA.

pS3, a protein known to be degraded through proteasomes, rental NIH 3T3 cells to treatment with Wnt3a or control con-

were found to be increased in the same lysates. To analyze the
effects of inhibition of the lysosome-mediated degradation
pathway, NIH 3T3/vec and NIH 3T3/Wnt3a cells were treated
for 2 hours with the lysosomal inhibitor chloroquine. As shown
in Fig. 6C, LRP6 protein levels were unaffected following
inhibition of this pathway. As a control, the PDGFR levels fol-
lowing stimulation with PDGF-BB were increased by chloro-
quine treatment in the same cells. Having excluded that Wnt-
induced LRP6 down-regulation was due to increased receptor
degradation, we investigated the possibility that Wnt may reg-
ulate LRP6 at the RNA level. For this purpose, we analyzed
LRP6 mRNA expression levels by Northern blotting of NIH
3T3/Wnt3a or vector control cells. As shown in Fig. 6D, LRP6
transcript levels in NIH 3T3 cells were found to be reduced
dramatically in response to Wnt expression. Similar results
were obtained by quantitative real-time PCR analysis of the
same cellular RNAs, establishing Wnt inhibition of its recep-
tor’s expression at the mRNA level (Fig. 6E). To gain insight
into the kinetics of these inhibitory effects, we subjected pa-

ditioned medium for increasing amounts of time and analyzed
receptor protein and mRNA expression levels. Western blot
analysis revealed that LRP6 protein levels were slightly re-
duced 3 h and further decreased 6 h following ligand addition
(Fig. 6F). A consistent reduction was detected in the receptor
transcript level by quantitative real-time PCR analysis of cel-
lular RNAs extracted under the same conditions (Fig. 6G). In
order to determine whether the effects on LRP6 RNA levels
were due to transcriptional or posttranscriptional mechanisms,
we analyzed the stability of the LRP6 transcript in the ab-
sence or presence of Wnt3a expression. NIH 3T3 vector or
Whnt3a-expressing cells were treated with the transcription
inhibitor actinomycin D for increasing amounts of time and
analyzed by Northern blotting. The results showed that al-
though the levels of LRP6 transcript in the Wnt3a-express-
ing cells were lower than those observed in the control cells,
the rates of its degradation were comparable, excluding a
role for posttranscriptional regulatory mechanisms (Fig.
6H). Together, all of these findings provide evidence for a
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FIG. 6. Wnt signaling negatively regulates LRP6 expression at the transcriptional level. (A) Effects of autocrine Wnt signaling on cell surface
and total LRP6 levels. NIH 3T3 cells stably expressing either Wnt3a-HA or the empty vector were subjected to biotin treatment, and 700 pg of
total cell lysate was analyzed by immunoprecipitation with streptavidin beads as described in the legend to Fig. 5. Lysates (100 wg) were also
analyzed directly for total LRP6 levels. (B) Effects of the proteasomal inhibitor MG132 on LRP6 protein levels. NIH 3T3/vector and NIH
3T3/Wnt3a cells were treated with MG132 (50 M) or DMSO control for the indicated amounts of time. Lysates were analyzed by Western blotting
with the anti-LRP6 (top) or anti-tubulin (middle) antibody. The same lysates were also analyzed with an antibody to p53 (bottom). (C) Effects of
lysosomal inhibition on LRP6 protein levels. NIH 3T3/vector and NIH 3T3/Wnt3a cells were treated with the lysosomal inhibitor chloroquine or
with PBS for 2 h, and lysates were analyzed with the anti-LRP6 (top) or anti-tubulin (middle) antibody. NIH 3T3 vector cells were treated with
PDGF-BB for the indicated amounts of time and analyzed with the PDGFR antibody (bottom). (D) Northern blot analysis of LRP6 transcripts
in NIH 3T3 cells stably expressing Wnt3a. Total RNAs (20 ug) were electrophoresed in a formaldehyde-agarose gel and transferred to a nylon
membrane. Hybridization was performed with a 430-bp PCR-amplified, **P-labeled mouse LRP6 or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) probe. The position of the 28S rRNA is indicated. The lower panel displays an image of the ethidium bromide-stained gel.
(E) Real-time PCR analysis of LRP6 mRNA expression in NIH 3T3 cells stably expressing Wnt3a. Real-time PCR was conducted as described
in Materials and Methods, utilizing primers specific for mouse LRP6, and the results were normalized to TATA box binding protein expression
levels. The values represent one of two independently performed experiments done in triplicate. (F) Kinetics of Wnt3a-induced down-regulation
of LRP6 protein levels. NIH 3T3 cells were treated with either control or Wnt3a-conditioned medium for the indicated times. Cell lysates (100
ng) were analyzed by Western blotting with anti-LRP6 MAD or anti-B-actin as a loading control. (G) Kinetics of Wnt3a-induced down-regulation
of LRP6 transcript expression. Total RNAs were extracted from cells treated as described for panel F, and real-time PCR was conducted with
primers specific to mouse LRP6, with the results normalized to TATA box binding protein levels. The values are from a representative experiment
performed in triplicate. (H) Analysis of LRP6 transcript stability. NIH 3T3/vector and NIH 3T3/Wnt3a cells were treated with actinomycin D (7.5
pg/ml) for the indicated amounts of time. Northern blot analysis was performed as described for panel D. The graph represents an analysis by
densitometry following normalization with GAPDH.

novel feedback mechanism by which Wnt negatively regu-
lates LRP6 transcription.

Whnt-induced inhibition of LRP6 transcription is mediated
by B-catenin. Wnt signaling activation inhibits the phosphory-
lation and subsequent degradation of B-catenin, which trans-

locates to the nucleus and, through interaction with the TCF/
LEF transcription factors, activates gene expression (9). To
determine whether the Wnt effects on LRP6 were mediated by
the B-catenin/TCF complex, we stably infected NIH 3T3/
Wnt3a cells with a lentivirus containing a dominant-negative
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FIG. 7. Wnt-induced inhibition of LRP6 RNA expression is medi-
ated by B-catenin. (A) Effects of DNTCF4 on Wnt-induced down-
regulation of LRP6. NIH 3T3 cells expressing Wnt3a were infected
with a lentiviral construct expressing DNTCF4 and selected with pu-
romycin (2 pg/ml) for 2 weeks. Cell lysates (50 pg) were analyzed with
the anti-LRP6 (top), anti-TCF4 (middle), or anti-actin (bottom) anti-
body. (B) Analysis of total LRP6 protein level in NIH 3T3 cells stably
expressing mutant B-catenin. NIH 3T3 cells were infected with either
mutant B-catenin S33Y or control retrovirus. After marker selection
for 2 weeks, cell lysates (100 pg) were subjected to the GST-E-cad-
herin binding assay to determine uncomplexed p-catenin levels (top).
The same lysates (50 pg) were analyzed with anti-LRP6 MAb (middle)
or with anti-B-actin as a loading control (bottom). (C) Northern blot
analysis of LRP6 transcripts in NIH 3T3 cells overexpressing mutant
B-catenin. Total RNAs (20 pg) electrophoresed in a formaldehyde-
agarose gel were transferred to a nylon membrane and probed with a
430-bp PCR-amplified, **P-labeled mouse LRP6 or GAPDH probe.
The position of the 28S rRNA is indicated. The lower panel displays an
image of the ethidium bromide-stained gel. (D) Real-time PCR anal-
ysis of LRP6 transcript expression in NIH 3T3 cells stably expressing
mutant B-catenin. The same RNAs utilized for panel C were subjected
to real-time PCR analysis as described in the legend to Fig. 6E. The
values were derived from a representative experiment performed in
triplicate. (E) Analysis of total LRP6 protein levels in AB589 human
breast epithelial cells stably expressing Wnt3a or mutant p-catenin.
Cells were infected with either Wnt3a-HA, B-catenin S33Y, or control
retrovirus. Following 2 weeks of marker selection, cell lysates (100 p.g)
were analyzed by Western blotting with anti-LRP6 MAD (top) or with
anti-B-actin as a loading control (bottom).

form of TCF4 which lacks the B-catenin binding domain
(DNTCEF4). Analysis of LRP6 protein levels revealed that even
low levels of DNTCF4 resulted in an increase in LRP6 protein
expression, implicating the TCF/LEF transcription factors as
mediators of the observed Wnt effects (Fig. 7A). We next
stably infected NIH 3T3 cells with a retroviral construct en-
coding a mutant form of B-catenin, B-catenin S33Y, which is
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resistant to phosphorylation and degradation (25). Analysis of
uncomplexed B-catenin levels indicated constitutive pathway
activation induced by expression of this mutant form of B-cate-
nin in NIH 3T3 cells. Western blot analysis of LRP6 revealed
that, similar to the case observed under conditions of chronic
Whnt stimulation, expression of B-catenin S33Y dramatically
decreased the steady-state levels of the receptor (Fig. 7B).
Northern blot and real-time PCR analyses indicated that the
decrease in LRP6 levels was due to reduced expression at the
RNA level (Fig. 7C and D). These results strongly implicate
the B-catenin/TCF heterodimer as the mediator of the nega-
tive regulation of LRP6 by Wnt.

In order to generalize these findings, we infected the immor-
talized breast epithelial cell line AB589 with the Wnt3a and
B-catenin S33Y retroviruses. Western blot analysis of LRP6
indicated that constitutive expression of Wnt3a or mutant
B-catenin strongly reduced receptor steady-state levels in this
cell line as well (Fig. 7E). These findings provide evidence for
a new level of ligand-induced LRP6 regulation by which Wnt
inhibits its receptor’s RNA expression level through a B-cate-
nin/TCF-mediated mechanism.

DISCUSSION

The evolutionarily conserved canonical Wnt pathway plays a
critical role in embryonic development, and its deregulation is
implicated in human bone diseases and tumorigenesis (7, 9,
36). Because of the difficulties in generating immunological
reagents, our understanding of Wnt signaling through its re-
ceptors has relied on studies involving protein overexpression.
In the present study, using a highly specific and sensitive MADb,
we have shown that endogenous LRP6 is expressed at consid-
erably lower (>50-fold) levels than those resulting from its
overexpression. Indeed, exogenous LRP6 expression resulted
in constitutive activation of the pathway in the absence of Wnt
and dramatically enhanced ligand sensitivity, supporting the
need for analysis of the receptor at physiological expression
levels.

Characterization of endogenous LRP6 revealed that the re-
ceptor is posttranslationally modified by N-glycosylation and
that this modification is necessary for its cell surface localiza-
tion. Two previous studies reached different conclusions con-
cerning LRP6 dimerization in the absence or presence of Wnt
stimulation (10, 20). Our findings indicating the presence of
LRP6 dimers in unstimulated 293T cells are in accordance with
those of Liu et al., suggesting that the LRP6 dimeric complexes
are inactive. Whether LRP6 forms homo- or heterodimeric
complexes as well as higher-order oligomers remains to be
determined. Analysis of the kinetics of receptor activation re-
vealed that, unlike that of certain receptors that are rapidly and
transiently phosphorylated following ligand binding (31), phos-
phorylation of endogenous LRP6 in response to Wnt is sus-
tained and the receptor is not desensitized by chronic ligand
stimulation. However, sustained phosphorylation of the recep-
tor depends on Wnt, and ligand removal causes slow dephos-
phorylation of LRP6. Consistent with the current model that
phosphorylated LRP6 recruits axin from the cytoplasm (22),
we provide the first evidence for complex formation between
endogenous LRP6 and axin under conditions of Wnt stimula-
tion. Since axin recruitment is believed to occur in a cyclical
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manner, sustained receptor phosphorylation may be necessary
to ensure the continued shuttling of axin from the cytoplasm to
the cell membrane.

Analysis of cell surface biotinylation revealed that Wnt stim-
ulation induces progressive internalization of endogenous
LRP6. A previous report indicated that Wnt induces exoge-
nous LRP6 endocytosis through the caveolin-mediated path-
way (38). In contrast, there is evidence suggesting that inter-
nalization of Wingless is mediated through clathrin (6). Our
results showing that LRP6 internalization is decreased in the
presence of inhibitors of either clathrin- or caveolin-mediated
endocytosis may explain these discrepancies, providing evi-
dence for the involvement of both pathways in the internaliza-
tion of endogenous LRP6. Many cell surface receptors are
either targeted for lysosomal degradation or recycled to the
plasma membrane following ligand-induced internalization.
Our observations indicate that following Wnt-induced endocy-
tosis, LRP6 is recycled back to the cell surface within hours of
the initial stimulus.

Finally, we have identified a novel feedback mechanism of
receptor regulation by which Wnt down-regulates LRP6 and
have provided evidence that the effects observed are not due to
increased ligand-induced LRP6 degradation but, rather, occur
at the RNA level. Our analysis of LRP6 transcript stability
indicated that posttranscriptional mechanisms are not in-
volved. Additionally, overexpression of a stable form of B-cate-
nin or DNTCF4 provided evidence that the Wnt-induced tran-
scriptional effects are mediated through the B-catenin/TCF
complex. Whether LRP6 is a direct or indirect target of B-cate-
nin/TCF remains to be determined. However, since the B-cate-
nin/TCF heterodimer has been shown to act as a transcrip-
tional activator rather than a repressor, we can speculate that
the effects on LRP6 transcription are likely to be indirect.
Notably, earlier studies of Drosophila embryos reported that
after the onset of zygotic transcription, arrow RNA levels ap-
peared to be reduced in cells expressing Wingless, although the
mechanism responsible for these effects was not investigated
(35).

Ligand-induced receptor “down-regulation” is a common
mechanism for receptor modulation and is believed to be es-
sential in ensuring attenuation of cellular signals. For some
receptors, such as G-protein-coupled receptors, down-regula-
tion is achieved by internalization and subsequent degradation
(15), while for others, such as hormone receptors, ligand-in-
duced down-regulation occurs at the transcriptional level (4,
29). Interestingly, the LDL receptor, which is structurally re-
lated to LRP6, undergoes repeated rounds of endocytosis fol-
lowed by recycling and is also regulated by its ligands at the
mRNA level (30).

The critical role of the canonical Wnt pathways in many
developmental processes and the evidence that its improper
activation leads to human disease (9, 36) predict the need for
mechanisms that regulate Wnt signaling. The existence of sev-
eral naturally occurring Wnt antagonists, such as FRP and
DKK, which spatially and temporally modulate Wnt activity,
supports this hypothesis (16). Our identification of Wnt-in-
duced inhibition of LRP6 RNA expression uncovers a new
mechanism by which this pathway is regulated. The possibility
that the aberrant activation of Wnt signaling may in some cases
involve the loss of this negative feedback mechanism has im-
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portant implications concerning therapeutic strategies aimed
at targeting the LRP6 receptor.
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